Following two decades of research on the biology of cancer and in particular of lung cancer, we have now a large number of molecular targets that can be utilized to create specific medicines against these cancers. Non-small cell lung cancer represents numerically the most important solid tumor in Western world, and is poorly affected by current therapies, where surgery represents almost the only curative therapy for about 25% of patients who are resectable at diagnosis. An abundant number of targeted therapies are being investigated in NSCLC. Among them are the metalloproteinase inhibitors, several tyrosine kinase inhibitors and several attempts of gene replacement have also been made. Promising results have so far been obtained with some of these approaches, and the outcome of large randomized studies is awaited. Small cell lung cancer (SCLC) represents about 20% of lung carcinomas, and several of the novel approaches that are being attempted for NSCLC, are also being investigated for SCLC. All these novel therapies open a new era of anticancer treatment that will likely complement the currently available therapies in the near future.
Introduction
Non-small cell lung cancers (adenocarcinoma, squamous cell carcinoma, large cell anaplastic carcinoma and undifferentiated carcinomas) represent approximately 80% of all lung carcinomas. Surgery is the mainstay therapy of resectable cases of non-small cell lung cancer (NSCLC), but only a quarter of patients undergo successful operation, and more than 50% of them will eventually recur. Chemotherapy, although broadly used in advanced disease, improves survival only marginally, at the cost of substantial toxicity. Even after the introduction of a series of novel chemotherapeutic agents in the last decade, improvement of outcome is still very limited, and it appears that chemotherapy has reached a plateau.
Small cell lung carcinomas (SCLC) are treated by chemotherapy, which achieves major responses in over 50% of patients, even with extensive disease at presentation. For patients with limited disease, combined chemotherapy and radiotherapy are the treatment of choice, and early and concomitant radiotherapy appears to achieve better results than sequential chemotherapy followed by radiotherapy to the chest. Prophylactic cranial irradiation reduces the risk of brain metastases and improves survival in patients who complete remission. In the past 20 years small improvements in the prognosis have been achieved. Recently the introduction of irinotecan was shown to improve survival of patients with extensive disease compared to the standard of cisplatin and etoposide (Noda et al., 2002) .
The growth of basic understanding of the biology of cancer and of lung cancer in particular has been explosive in the past two decades and is now beginning to pay off. Indeed, continued progress in our understanding of lung cancer biology has revealed numerous potential therapeutic targets (Carbone, 1997; Forgacs et al., 2001) . Inhibition of growth factors, interference with abnormal signal transduction or inhibition of angiogenesis represent some of the many potential therapeutic targets available for study. This review will only deal with the compounds that have been specifically tested in NSCLC and in SCLC.
Anti-angiogenesis
The growth of solid tumors is dependent on angiogenesis, the formation of new blood vessels (Ferrara and Bunting, 1996) . Several angiogenic factors have been identified, including Vascular endothelial growth factor (VEGF) and basic Fibroblast Growth Factor (bFGF), which are responsible for stimulating new blood vessel formation (Folkman, 1995) . However, tumors also stimulate endogenous inhibitors of angiogenesis (Chen et al., 1995) , which include angiostatin (O'Reilly et al., 1994) , endostatin (O'Reilly et al., 1997) , and thrombospondin (Good et al., 1990) . The angiogenic process is regulated by the balance of angiogenic inducer activity over angiogenic inhibitor activity.
VEGF, an endothelial cell-specific mitogen, is a major regulator of angiogenesis (Ferrara and Bunting, 1996; Ferrara, 1999) and the receptors for VEGF, flt-1 and flk-1/KDR, are specifically expressed on the cell surface of endothelial cells. Antibodies against VEGF and small molecules against the VEGF receptor are being tested in NSCLC and other tumor types.
Anti-VEGF antibodies can suppress the growth of a variety of tumor cell lines in nude mice and can also inhibit angiogenesis in animal models of intra-ocular neovascularization (Ferrara and Bunting, 1996) . Table 1 summarizes ongoing studies with angiogenesis inhibitors in NSCLC patients. No studies so far are running for SCLC.
In human studies, an anti-VEGF rhuMoAb has been administered with minimal side effects alone and in combination with chemotherapy (Gordan et al., 1998; Margolin et al., 1999) . Side effects associated with anti-VEGF antibodies include headache, asthenia, lowgrade fever, nausea and vomiting, arthralgias, cough, dyspnea and skin rash. Three episodes of tumor-related bleeding were observed in these initial studies (Gordan et al., 1998) . The results of phase I trials led to the conduct of a randomized phase II study in NSCLC and other solid tumors, in which two dose levels of anti-VEGF (7.5 mg/kg vs 15 mg/kg) plus chemotherapy were compared to chemotherapy alone (DeVore et al., 2000) . In this chemotherapy alone arm, therapy with the VEGF antibody was allowed upon progression. In the NSCLC study chemotherapy consisted of carboplatin and paclitaxel given at full doses (AUC of six and 200 mg/m 2 every 3 weeks, respectively). Patients treated with the higher dose of anti-VEGF experienced a prolonged time to tumor progression compared to chemotherapy alone or chemotherapy plus the lower dose of anti-VEGF (129 days vs 131 days vs 225 days). Median survival was 56.8 weeks in the control group and 49.9 weeks and 61.5 weeks in the low-and high-dose anti-VEGF arms, respectively. The survival in all three arms of this study are impressive, as the majority of the patients enrolled were stage IV patients, where a survival of 8 months may be expected. It is postulated that the apparently improved results for the control arm might be explained, at least in part, by a crossover to single agent anti-VEGF upon disease progression . Although the toxicity in this study was mainly characterized by chemotherapy-related side effects, six patients experienced life-threatening hemoptoes, four of which were fatal. Remarkably, the fatal hemorrhages were most common in patients with squamous histology and centrally located tumors. Furthermore, several episodes of non life-threatening epistaxis were also observed in this study, in the two arms containing the anti-VEGF rhuMoAb (31% and 44% in the low vs high dose arms, respectively). Increase arterial blood pressure was also observed in the combined arms. Although the overall incidence of life-threatening hemorrhage was substantial (9%), it was relatively modest among those patients with non-squamous histology. When the squamous carcinoma patients are excluded from the survival analysis the results appeared very promising. Among the 78 patients entered with non-squamous cell carcinoma histology the median survivals were 53 weeks, 61 weeks, and 77 weeks, respectively in the chemotherapy alone, the low-or high-dose anti-VEGF, respectively . Based upon these new data, ECOG initiated a phase III study of chemotherapy plus high-dose (15 mg/kg) anti-VEGF versus chemotherapy alone in advanced, non-squamous NSCLC. In this study no cross-over to the VEGF antibody is allowed upon progression in the chemotherapy alone arm.
Another anti-angiogenic drug under active investigation is SU5416, a synthetic compound that is a specific VEGF receptor (flk-1) antagonist (Fong et al., 1999) . Although the drug has no direct anti-tumor effects, in vitro biochemical assays of SU5416 have demonstrated its ability to inhibit Flk-1 receptor phosphorylation that follows the binding of the VEGF ligand with its receptor. In addition, SU5416 inhibits in vitro proliferation of endothelial cells induced by VEGF. In preclinical models, SU5416 was shown to have a broad anti-tumor activity in tumor xenografts in nude mice, including lung carcinoma lines (Fong et al., 1999; Mendel et al., 2000) . The drug appears to be relatively well tolerated, with dose-limiting side effects including headache and projectile vomiting; other toxicities observed in the phase I study were diarrhea, nausea, anorexia, abdominal pain, constipation, asthenia, severe phlebitis requiring central venous administration in several cases, and allergic reactions. In addition thrombotic episodes have been observed (Rosen et al., 1999) . A number of Phase I/II studies in combination with chemotherapy have been performed. Because of its inhibition of the stem cell factor receptor (c-kit) (Smolich et al., 2001) , SU5416 is also being evaluated with interest in SCLC. In a feasibility study SU5416 was administered at two different doses in combination with full doses of cisplatin and gemcitabine. In this study, besides the expected side effects observed with chemotherapy and with SU5416 alone, a worrying increase of thromboembolic events were observed. In a total of 19 patients enrolled, with several different malignancies, 9 thromboembolic events were recorded (Kuenen et al., 2002) . Thalidomide, first marketed in Europe in the late 1950s as a non-barbiturate hypnotic for insomnia (Adlard, 2000) , was withdrawn from the market in early 1960s due to its teratogenic effects. Although the mechanism of its anti-angiogenic effect is still largely unknown, thalidomide inhibits vascularization induced by bFGF in rabbit corneal micropocket model by 30 -50% after only two doses (Bauer et al., 1998) , and it inhibits bFGF-and VEGF-induced neovascularization in mouse corneal model (Kenyon et al., 1997) .
These results have prompted the study of thalidomide in a number of tumor types (Adlard, 2000; Thomas and Kantarjian, 2000) . Following the significant activity observed in refractory myeloma, in which 32% of previously treated patients had a paraprotein response (Singhal et al., 1999) , a phase III study was started by the Eastern Cooperative Oncology Group of neoadjuvant chemotherapy and thoracic radiation therapy with or without thalidomide in locally advanced NSCLC. Patients with unresectable Stage IIIA or IIIB disease without significant pleural effusion receive two cycles of paclitaxel/carboplatin, followed by thoracic radiotherapy, with or without thalidomide. Patients on the thalidomide arm who have had a response or stable disease continue on thalidomide until progression or for a total of 24 months.
Several other anti-angiogenesis agents are being developed, among which some may show promise and are likely to be tested in the future also in advanced NSCLC. A major problem for the development of these agents however appears to be present, being the fact that no substantial antitumor activity can be seen with these agents when given alone in patients with solid tumors. In order to prove that stabilizations of disease have any impact on survival, early initiation of randomized studies is necessary and this slows down the development of these agents. Another important aspect for the development of these agents is that they do have toxicities, which are different and mainly non-overlapping with those of chemotherapy, but nonetheless may be severe. Proper feasibility studies with chemotherapy are necessary in specific patient populations, before embarking in large randomized studies.
Matrix metalloproteinase inhibitors (MMPI)
In the process of neoangiogenesis metalloproteases enzymes are necessary. These enzymes are primarily involved in the remodeling of tissues and in particular of tumor growth with respect to the surrounding extracellular matrix. The process of tumor invasion and metastasis relies on the production and release of MMPs by the tumor cells and other cells surrounding the tumor cells, such as fibroblasts. Tumor growth requires breakdown of the epithelial basement membrane, and invasion through underlying connective tissue. Metastasis involves further invasion of tumor cells through the basement membrane of blood vessels and lymphatics, followed by lymphatic and hematogenous dissemination, and finally, parenchymal invasion of distant organs. Active proteolysis of matrix constituents is necessary for each of these steps to occur (Parsons et al., 1997; Stetler-Stevenson et al., 1996; Chambers and Matrisian, 1997) .
Matrix metalloproteinases (MMP) are a family of at least 20 zinc-containing endo-proteinases capable of degrading collagen and proteoglycan. There is a positive correlation between tumor aggressiveness and protease secretion. In particular, the involvement of MMP-2 (gelatinase A) and MMP-9 (gelatinase B) is well documented in breast, ovarian, colorectal and lung tumors. Interference with the activity of MMPs through the expression of endogenous tissue inhibitors of MMPs (TIMPs) has been shown to inhibit invasion in vitro and in vivo and to block tumor-induced neovascularization.
MMP-2 and MMP-9 are particularly expressed in human NSCLCs by tumor cells and tumor-associated stromal cells and their expression is correlated with pathologic invasiveness as defined by the presence of lymph node metastasis (Brown et al., 1993; Clarke et al., 1997) .
Inhibitors of MMPs have been developed and several of them tested in advanced NSCLC and other solid tumors in advanced stages of the disease. Among these MMPIs the following have been investigated in lung cancer: Prinomastat (AG3340; Agouron), BAY12-9566 (Bayer), Batimastat (British Biotech), Marimastat (British Biotech), and BMS-275291 (Bristol) (Nelson et al., 2000) . The side effect profiles of these agents are similar and include proximal musculoskeletal pain, arthralgias and stiffness. BAY12-9566, however, is structurally distinct from other MMPIs. It is a butanoic acid analog and highly protein bound. It has essentially no action upon interstitial collagenases, which may account for its selectivity as well as its different toxicity profile, which does not include the musculoskeletal problems but has been associated with an asymptomatic rise in hepatic enzymes and thrombocytopenia.
Despite the preclinical data demonstrating an antitumor effect of MMPIs either as single agents or in combination with chemotherapy, however, MMPIs have not demonstrated to have therapeutic potential in human lung cancer. The studies performed in lung cancer are summarized in Table 2 . In a large randomized phase III study conducted in advanced NSCLC, prinomastat (AG3340) was combined with paclitaxel and carboplatin in chemotherapy naı¨ve patients . A total of 686 patients were randomized to twice daily prinomastat (5, 10 or 15 mg) or placebo. Unfortunately, no differences were observed among the treatment arms in overall or 1 year survival, progression-free survival or response rate . Toxicities were however more frequent in the prinomastat containing arms and were more severe in the higher prinomastat dose arms. A phase III study of carboplatin-paclitaxel with BMS-275291 or placebo in previously untreated advanced NSCLC patients is being run by the NCI-Canada group, after demonstration of safety ). This study is presently approaching completion.
In SCLC a phase III study involving the Bayer compound plus chemotherapy in limited stage patients was terminated early when an interim analysis revealed the arm containing the study drug in addition to chemotherapy had an inferior survival when compared to the chemotherapy plus placebo arm (unpublished data). Marimastat maintenance also failed to show a survival advantage when studied in patients with SCLC who responded to induction therapy . This was a large study of over 500 patients with limited or extensive disease SCLC conducted by NCICanada and EORTC. Patients were randomized to receive marimastat orally at 10 mg bid or placebo for 2 years, if they had achieved a complete or partial remission after chemotherapy or chemo-radiotherapy. Survival and progression-free survival were identical in the two arms of the study, but specific side effects, known to be due to MMP inhibitors, such as arthralgia, myalgia and bone pain were all significantly more common and severe in the marimastat arm. This led to an inferior quality of life, as assessed using the EORTC QoL questionnaire, and a poorer compliance to the therapy in the marimastat arm.
Neovastat (AE-941), an aqueous extract derived from shark cartilage that has anti-VEGF and metalloproteinase inhibitory activity, exhibits antitumor and antimetastatic activity in human tumor xenografts. In two phase I/II safety trials, Neovastat was evaluated as monotherapy or in combination with chemotherapy in patients with various solid tumors. The most frequent adverse events were nausea (7%), vomiting (3%), dyspepsia (2%), and anorexia (2%). A phase II trial of AE-941 in addition to combined modality treatment (CT/XRT) in locally advanced stage IIIB NSCLC is ongoing. Phase III randomized, double-blind trials are also under way.
Inhibitors of the ErbB receptor family
There is considerable evidence that Receptor Tyrosine Kinases (RTKs) are important in human cancers (Levitzki and Gazit, 1995) . RTKs such as erbB (EGF receptor), neu (HER2), kit (stem-cell factor receptor), met (HGF receptor) and others are oncogenes when activated by gene alterations or inappropriately expressed (Shawver, 1999) . These RTKs serve as potential therapeutic targets in solid tumors including lung cancer (Levitzki and Gazit, 1995; Ichimura et al., 1996; Giatromanolaki et al., 1996; Olivero et al., 1996; Kim et al., 1998; Nemunaitis et al., 1998; Guddo et al., 1999) .
The ErbB family of RTKs includes four distinct members: HER1 (EGFR or c-erbB-1), HER2 (neu or c-erbB-2), HER3 (c-erbB-3), and HER4 (c-erbB-4). All but HER3 possess intrinsic tyrosine kinase activity. The homology among the members of the ErbB family of receptors is high, in particular for what concerns the tyrosine kinase domain, whereas larger differences are present in the extracellular domains and in the intracellular C-terminus domain, which is responsible for the diversified stimulation of downstream signal transduction pathways (Arteaga, 2001 ). The EGFR is a 170 kDa transmembrane glycoprotein that is encoded by the c-erbB-1 proto-oncogene (Carpenter, 1987; Carpenter and Cohen, 1990) . Unlike the other HER subfamily members, HER2 is not strictly a receptor since it appears to respond to no high-affinity endogenous ligand and acts instead as a signaling network coordinator and amplifier when it heterodimerizes with other HER family members (Klapper et al., 1999) . Growth factors/ligands for these receptors include EGF, growth hormone growth factor, plateletderived growth factor (PDGF) for the EGFR; heregulin, EGF, PDGF, tumor growth factor (TGF) for the HER2 receptor; insulin for the HER3 receptor; and the heregulin a and b proteins for the HER4 receptor (Salomon et al., 1995; Yarden and Ullrich, 1988) .
Several EGFR inhibitors are being developed, most are small molecules, which inhibit the tyrosine kinase activity by competing with the ATP binding site, and many others are monoclonal antibodies directed at the extracellular domain of the protein. A summary of studies in lung cancer with ErbB inhibitors is given in Table 3 . As overexpression of both EGFR and Her2/ neu is far more important for NSCLC than SCLC, all studies are targeting NSCLC, mainly in advanced stages of the disease. There are at least two EGFR tyrosine kinase inhibitors, small molecules, which are in current clinical development for NSCLC, ZD1839 (Iressa, AstraZeneca) and OSI-774 (Tarceva TM , Genentech/Roche/OSI Pharmaceutical) (Traxler et al., 1999; Bos et al., 1997; Baselga and Averbuch, 2000; Hidalgo et al., 2001) . A novel pan-erbB TKI (CI-1033, Pfizer) is in earlier phases of clinical development, and will soon also be investigated in advanced NSCLC in combination with chemotherapy . A dual inhibitor of EGFR and Her2 is also approaching phase II and phase III studies (GW2016, Glaxo-SKB). The latter two molecules may have the advantage of having a broader spectrum of activity and of covering the issue of heterodimerization between different members of the ErbB family of receptors.
In both US, European and Japanese phase I studies, ZD1839 has demonstrated single agent activity in previously heavily treated NSCLC patients with several objective responses Negoro et al., 2001) . Definite activity has also been observed with OSI-774 (Perez-Soler et al., 2001) . Both compounds are well absorbed orally and can be given chronically. Both ZD1839 and OSI-774 are generally well tolerated; their major toxicities are diarrhea and an acneiform skin rash. These side effects are dose dependent and diarrhea is dose-limiting. Other side effects include nausea, and transient transaminitis. All these side effects are reversible upon suspension of treatment. In general, no myelosuppression is observed when these agents are used alone, which makes particularly appealing their combination with chemotherapy. The combination of EGFR TKIs with various cytotoxic agents demonstrated additive or synergistic activity against a variety of human tumor xenografts in preclinical studies (Sirotnak et al., 2000; Ciardiello et al., 2000) , and thus these agents have been used in combination with chemotherapy early on in clinical studies in humans. Combination of Iressa with paclitaxel and with platinum compounds have shown synergy in some preclinical models (Sirotnak et al., 2000; Ciardiello et al., 2000) . Phase II data are now available with both Iressa and OSI-774. Iressa was tested in 210 patients with advanced NSCLC who had received one or two prior regimens; patients were randomized to receive 250 or 500 mg Iressa daily, until progression. Approximately 40% of patients experienced symptom improvement and the response rate was 18.5%, without major difference between second and third line therapy. Grade 3 -4 adverse events were more frequent in patients receiving the higher dose Iressa, but the response rate was comparable, suggesting that activity is achieved at a dose of 250 mg, and higher doses do not produce better efficacy but only increased toxicity (Baselga et al., 2001) . OSI-774 was tested in 56 advanced NSCLC patients who failed prior platinum-based chemotherapy. OSI-774 was given at a fixed dose of 150 mg/day continuously, and, unlike the studies with Iressa, patients included in this study were selected based on overexpression of EGFR (510% positive cells). In this study almost 80% of patients experienced acneiform rash, and the response rate was 12.5% (Perez-Soler et al., 2001) .
Based on these interesting results, two large randomized studies with chemotherapy and Iressa have been recently completed. The design of these studies was that of a three-arm trial in which chemotherapy was given in addition to Iressa 500 mg/day, or Iressa 250 mg/day, or placebo, in a double blinded fashion. The oral medication (Iressa or placebo) was continued after termination of chemotherapy, until progression. The two studies employed two different chemotherapy regimens: carboplatin-paclitaxel, which is standard in North-America, and cisplatin-gemcitabine, which is more frequently employed in other parts of the world, including Europe. Both studies accrued over 1100 patients and the final analysis is expected shortly. Phase III trials of similar design are underway using OSI-774. The results of these important trials will help define the role of these new agents in management of advanced NSCLC.
Furthermore, many additional studies are about to start with Iressa in earlier stages of NSCLC, including in stage IIIB and in the adjuvant setting of radically resected tumors. Furthermore studies are also being planned in the chemopreventive setting, in patients who had a smoke-related primary cancer and who are at risk of developing lung cancer as a secondary cancer (early stage NSCLC, head and neck cancer, limited disease SCLC, bladder cancer, esophageal cancer) (Averbuch, 2002) . Patients will be evaluated with repeat bronchoscopies, investigating changes in several biological markers.
Of the antibodies directed against the extracellular domain of EGFR, certainly IMC-C225 (C225, Cetuximab) is certainly the one in most advanced stages of development. C225 is a human : murine chimeric anti-EGFR IgG1 monoclonal antibody that competes with EGF for binding to the EGFR and inhibits EGFinduced tyrosine kinase-dependent phosphorylation (Ennis et al., 1989) . Antitumor efficacy of IMC-C225 results from multiple mechanisms that include inhibition of cell cycle progression, promotion of apoptosis, anti-angiogenesis, and potential enhancement of immunologic activity . Further, IMC-C225 may reduce metastasis formation by downregulating the expression of matrix metalloproteinases (O-Charoenrat et al., 2000). Novel therapies for lung cancer G Giaccone C225 has been evaluated very early in the development of this agent in combination with chemotherapy. C225 is given intravenously every week at 250 mg/m 2 after a loading dose of 400 mg/m 2 . C225 has been administered alone and in combination with chemotherapy and radiation therapy in more than 750 patients. Overall, C225 is well tolerated: most adverse events of C225 alone were mild to moderate, and only 12% were considered to be grade 3 or 4 in severity. Allergic reactions and acne-like rashes were the most clinically important adverse events. Out of the 89 patients evaluated, eight (4%) had grade 3 -4 allergic reactions; all patients however, recovered after empiric therapy . In contrast to the small molecules inhibiting EGFR, monoclonal antibodies against do not appear to produce significant diarrhea due to their inability to cross into the lumen of the gastrointestinal tract after intravenous administration. A fully humanized antibody (EMD72000) is also being developed by Imclone, that should be relatively devoid of the allergic reactions. Another fully human antibody against EGFR (ABX-EGF) will soon enter clinical study and is being co-developed by Abgenix and Immunex Yang et al., 2001) .
Based on very promising results obtained in advanced squamous cell carcinoma of the head and neck Perez-Soler et al., 1998) , in combination with cisplatin or radiotherapy, phase II/ III studies were initiated and are ongoing in patients with metastatic, recurrent, or locoregionally advanced head and neck cancer. Also based on a large phase II study of Cetuximab in irinotecan-refractory colorectal patients a large randomized study has been initiated in this setting . Unlike most studies performed with TKIs against the EGFR, all studies performed with Cetuximab selected patients based on overexpression of the receptor, as this may greatly influence the binding of the monoclonal.
Although C225 alone inhibits growth in high EGFRexpressing NSCLC cells, clinical trials for IMC-C225 in NSCLC have not been reported as yet. However, it is expected to have some activity by itself and in combination with chemotherapy and/or radiation. Phase II trials using IMC-C225 with chemotherapy in advanced lung cancer are just getting underway.
Among the antibodies developed against the ErbB family of receptors, much further in development in lung cancer is Trastuzumab (Herceptin 1 ), a chimerized monoclonal antibody against HER2 (c-erbB-2) developed by Genentech. As HER2 is frequently overexpressed in NSCLC and appears to be associated with drug resistance, increased metastatic potential, increased production of vascular endothelial growth factor, and poor prognosis (Tsai et al., 1993 (Tsai et al., , 1995 Kern et al., 1990 Kern et al., , 1994 Yu et al., 1994; Zeng-Rong et al., 1995; Pietras et al., 1994 Pietras et al., , 1999 . Combining trastuzumab with chemotherapy results in enhanced cytotoxicity in preclinical models (Arteaga et al., 1994; Fan et al., 1993; Baselga et al., 1998) .
In an ECOG study trastuzumab was administered with carboplatin plus paclitaxel to untreated patients with advanced NSCLC in a phase II trial (Human gene marker/therapy controls, 1999). Eligible patients were enrolled provided they had any level of HER2 expression (i.e., 1+ -3+) as assessed by the commercially available Herceptest 1 . Out of the 139 patients screened for entry, 50 were HER2 negative, and only 13 (9%) were 3+. Fifty-six patients eventually received therapy, and out of the 51 evaluable for response nine (18%) demonstrated an objective response. The median survival time was 9.8 months and five out of eight HER2 3+ patients were still alive at more than 1 year of follow-up (Langer et al., 2001) .
HER2 overexpression in non-small cell lung cancer was less common in the study conducted at Memorial Sloan Kettering Cancer Center (Krug et al., 2001) . Among the 84 patients screened, HER2 was 3+ in six patients only, and 20% of patients overexpressed HER2 (i.e., 2 -3+). In this phase II trial patients received trastuzumab with either docetaxel or paclitaxel. The overall response rate was 26% and was not different according to HER2 status (overexpression=25% vs non-overexpression=24%) nor was there a differential response according to taxane used (paclitaxel=26%; docetaxel=23%) (Abelda, 1997) . At the time of the initial presentation, median survival had not been reached. However, it appears the survival of the HER2 (+) patients was inferior to that of their HER2 negative counterparts.
In a randomized phase II study in previously untreated NSCLC 103 patients were randomized to receive cisplatin-gemcitabine or cisplatin-gemcitabine and trastuzumab . Only patients overexpressing Her2/neu were entered, and this was defined as immunohistochemistry 2+ or 3+, positive FISH or high serum levels of the shed extracellular domain of Her2. There were essentially no differences in side effects, response rate, time to progression and survival between the two arms. Although this study was not powered to demonstrate a difference in survival endpoints, there was no suggestion that trastuzumab added any activity to this combination chemotherapy. Interestingly, if only the Her 3+ cases were considered, they compared relatively more favorably compared to the rest of patients.
It would therefore appear that the highly overexpressing Her2 cases are relatively infrequent in NSCLC, as amplification is a rare event in this disease, compared to breast cancer. This may make the patient selection process rather cumbersome and impossible to run large randomized studies in this disease. The use of the antibody in patients not highly overexpressing Her2 does not seem to have activity. , 2001) . Given the high expression of c-kit in SCLC, which is targeted by STI-571, has led to a phase II study of this drug alone and in combination with chemotherapy. Results are eagerly awaited.
Gene therapy
Cancer is a disease of the genes, and in lung cancer there are lots of genes which are irreversibly altered. Mutations in oncogenes and tumor repressor genes are responsible for defective ability of tumors to undergo programmed cell death and for uncontrolled cell proliferation. The restoration of the normal function of specific genes is particularly appealing as a treatment modality. There are essentially two major ways of using genes as a therapeutic: one is to insert a wild type gene, in order to revert the altered properties of a mutated gene (e.g. p53), the other is to switch off a gene which is aberrantly active due to a mutation, by for instance antisense oligonucleotides (e.g. K-ras).
The recessive oncogene p53 is located on the chromosomal region 17p13 and one allele is frequently mutated in both SCLC and NSCLC, and mutational inactivation of the remaining allele occurs in more than 90% of SCLC and 50 percent of NSCLC (Carbone, 1997; Forgacs et al., 2001) . The reintroduction of a wild type p53 gene into lung cancer cells which have mutated p53, dramatically inhibits tumor cell growth and promotes tumor cell death. Restoration of wildtype p53 function in the cancer cell by gene transfer is sufficient to cause either cell-cycle arrest or apoptosis (Nguyen et al., 1997) .
Investigators at MD. Anderson conducted the first gene transfer study in locally advanced NSCLC with encouraging results (Roth et al., 1996) . In this first study a retroviral vector containing the wild-type p53 gene was injected directly into the locally advanced bronchial tumor of nine patients, all of which had failed conventional therapies. Local tumor regression was observed in three tumors and three other tumors displayed stabilization. Importantly, no clinically significant vector-related toxic effects were reported. Expression of wild-type p53 was detected in posttreatment biopsies, indicating the successful transfection; furthermore, apoptosis was more frequent in post-treatment biopsies than in pretreatment biopsies.
The same group then performed another study using adenoviral vectors, instead of retroviral vectors. In a phase I study increasing doses of the Ad-p53 gene were injected in the tumors of patients with advanced NSCLC who had progressed on conventional treatment (Swisher et al., 1999) . Out of 25 patients two achieved a partial response, and 16 had stabilization of disease. p53 expression was detected in 12 patients. A subsequent study by the same group of investigators administered the Ad-p53 gene in conjunction with cisplatin to 24 patients with advanced lung cancer . Seventeen patients achieved an improvement or stable disease and two patients had partial response. However, no anti-tumor activity was observed in a small randomized trial involving a different rAd/p53 product in patients with advanced non-small cell lung cancer (Schuler et al., 2001) .
Clearly, as it stands right now, delivery of genes represents a major technical problem for gene therapy in general and in particular for lung cancer. In another study, bronchoalveolar lavage has been used as a delivery method in patients with bronchoalveolar carcinomas. These tumors are characterized by multifocal spread and are rather refractory to systemic chemotherapy and often not operable due to their extension. In this phase I trial Ad-p53 (RPR/INGN 201) was delivered via bronchoalveolar lavage (BAL) to involved lobes of the lung was performed in patients with BAC (Kubba et al., 2000 . Grade 4 pulmonary toxicity was noted in one patient at the higher dose level reached (2610 10 vp). After two cycles, pathological response was observed on biopsy in two patients out of nine evaluable. The study is still ongoing.
Ways of improving efficacy of gene transfer are the exploration of targeted gene delivery by coupling of receptor ligands to the vector (Frederiksen et al., 1999) , liposomal p53 formulation (Zou et al., 1998) or the ONYX-015 virus, a selectively-replicating adenovirus .
Two other approaches to gene therapy have been attempted: suicide gene therapy and immunopotentiation. Suicide gene therapy is the approach by which a gene encoding an enzyme that catalyzes conversion of a normally nontoxic prodrug administered systemically into a toxic substance is delivered to tumor cells Blaese et al., 1994; Singhal and Kaiser, 1998) . The most widely used gene delivered in this strategy is the herpes simplex virus thymidine kinase (HSV TK) gene. This enzyme converts the normally nontoxic nucleoside analogue gancyclovir into a toxic compound. Because the human thymidine kinase has a low affinity for gancyclovir, and therefore, only tumor cells that express high levels of HSV TK after gene transfer will suffer the toxic effects of the drug. Interestingly, cell kill also occurs in neighboring cells to those transfected, a phenomenon called 'bystander effect'. A phase I trial of adenoviral vector delivery of HSV TK followed by intravenous Gancyclovir is under way in advanced NSCLC (Human Gene Therapy Protocols, 1999) .
Immunopotentiation approaches include the introduction of cytokine genes into tumor cells, transduction of tumor cells with genes that either augment major histocompatibility complex (MHC) class I presentation or provide co-stimulatory signals to enhance T-cell proliferation, and active vaccination with tumor 'specific' genes (Albelda, 1997) .
The first type of approach has been explored in different trials in NSCLC. Nine patients received a single intra-tumoral injection of an adenovirus expressing the IL2 gene (rAd-IL2), showing no dose-limiting toxicity, but also no antitumor effect (Escudier et al., 2000) . A phase I/II trial of antigen specific immunotherapy in patients with MUC-1 positive advanced NSCLC is ongoing using vaccinia-virus-MUC1-IL2 (TG1031) (Human Gene Therapy Protocols, 1999 ). An alternative approach explored in phase I is the vaccination with lethally irradiated autologous NSCLC cells engineered by adenoviral gene transfer to secrete human GM-CSF (GVAX). The results suggest that GVAX is feasible, well tolerated and may enhance anti-tumor immunity . Moreover NSCLC is known to express carcinoembryogenic antigen in most of the cases (Conry et al., 1995) . Based on that and on encouraging preclinical data (Halbert et al., 1995) , a phase I of vaccination with tumor 'specific' gene CEA has been performed in patients with metastatic adenocarcinoma. Despite high doses 1610 8 p.f.u.s, no dose-limiting toxicity was observed in this study (Albelda et al., 2000) .
Antisense therapy
Antisense oligonucleotides are designed to complement a region of a particular gene or messenger RNA and serve as potential blockers of transcription or translation through sequence-specific hybridization (Stein and Narayanan, 1994; Askari and McDonnell, 1996) . Therapeutic phosphorothioate oligodeoxynucleotides have a sulfur atom substituted for one of the phosphate oxygen atoms at a nonbridging position, which makes them nuclease resistant. They have also been extensively examined in vitro and have been targeted to the bcr -abl and bcl-2 messenger RNAs among others. Recently, phosphorothioate oligodeoxynucleotides have entered clinical trials with satisfactory tolerance in humans. Several antisense nucleotides have so far been developed and clinical trials performed. Yuen et al. (2001) recently completed phase I/II trial in which an antisense to PKC-a (ISIS 3521) was co-administered with carboplatin and paclitaxel to 53 patients with untreated advanced NSCLC mainly in stage IV disease. An overall response rate of 42% was reported and an impressive median survival of 19 months with a 1 year survival of 75%. Toxicity of the antisense is very mild; however, due to the poor stability of these compounds, continuous intravenous infusion is necessary. In this study a continuous infusion via central venous access was given for 14 days. On the basis of these impressive preliminary findings, a phase III trial is comparing carboplatin and paclitaxel alone to the combination with ISIS 3521. Another trial identical in design is about to start in Europe with the combination of cisplatin-gemcitabine.
ISIS 2303, an antisense oligonucleotide against Ras has recently been tested in 24 second-line advanced NSCLC patients. No responses were observed in this study (Dang et al., 2001) .
Farnesyltransferase inhibition
K-ras mutations are present in approximately 25 -30% of adenocarcinomas (Rodenhuis and Slebos, 1990; Schiller et al., 2001 ). More rarely K-ras mutations are observed in anaplastic carcinomas and are virtually absent in squamous cell carcinomas and in SCLC. Most mutations of the K-ras oncogene in NSCLC are at codon 12, 61, and 63. Mutated ras genes produce mutated proteins that remain locked in an activated state, thereby relaying uncontrolled proliferative signal growth (Rowinsky et al., 1999) .
Farnesyltransferase is an enzyme required to transfer farnesyl isoprenoid to cytoplasmic Ras c-terminus, needed to anchor it to the cell membrane (Kohl et al., 1993) . Farnesyltransferase catalyzes the farnesylation step by recognizing the CAAX motif of the Ras cterminus, and transferring a 15-carbon farnesyl isoprenoid from farnesyl diphosphate (FDP) to form a thioether bond with the ras cysteine (Rowinsky et al., 1999) . There are several different classes of farnesyltransferase inhibitors (FTIs). Although various FTIs can clearly inhibit farnesylation of Ras, this event is neither necessary nor sufficient to cause the desired anticancer effects observed in preclinical in vivo models. In fact, the susceptibility of human tumor cells to FTIs does not correlate with Ras mutational status (SeppLorenzino et al., 1995) .
Three major classes of FTIs have been identified. These include FDP analogues which compete with the substrate FDP for the farnesyl transferase; peptidomimetics which compete with the CAAX portion of Ras for farnesyl transferase, and agents which combine the features of both. Several different inhibitors are currently being evaluated clinically: L-778,123, R115777, BMS214662, and SCH 66336. Phase I studies have demonstrated that the drugs are generally well tolerated, with their major side effects being gastrointestinal toxicities such as nausea, vomiting, diarrhea, and anorexia, as well as fatigue, and rarely, myelosuppression (Zujewski et al., 2000; Eskens et al., 2001; Camacho et al., 2001) . Phase II trials are ongoing in a number of tumor types (Winquist et al., 2001) , alone and in combination with chemotherapy (Bailey et al., 2001; Holden et al., 2001; Piccart-Gebhart et al., 2001; Verweij et al., 2001; Verslype et al., 2001) . Trials using FTIs with or without chemotherapy are underway in NSCLC. A large phase III study is about to start with carboplatin-paclitaxel with or without SCH 66336 in untreated NSCLC patients.
Cyclo-oxygenase-2 inhibition
The use of COX-2 inhibitors has some potential application to the prevention and therapy of lung cancer. Precursor lesions of lung cancer including atypical alveolar epithelium, atypical adenomatous hyperplasias and carcinoma in situ specimens express high levels of COX-2 (Hida et al., 1998a; Hosomi et al., 2000) . COX-2 inhibitors, given also their relative lack of toxicity for prolonged periods of administration, deserve investigation in the chemopreventive setting.
COX-2 expression is high in well-differentiated lung adenocarcinomas, low in poorly differentiated adeno-carcinoma and squamous cell carcinomas and undetectable in SCLC (Hida et al., 1998a; Wolff et al., 1998) . COX-2 overexpression has also been associated with worse prognosis in resected NSCLC patients (Achiwa et al., 1999) . Aspirin, indomethacin, meloxocam and ibuprofen have been shown to decrease NSCLC growth in vitro whereas aspirin and indomethacin inhibited proliferation of NSCLC xenografts in nude mice (Hida et al., 1998b; Tsubouchi et al., 2000) . Furthermore, inhibitors of cyclo-oxygenase and lipoxygenase act as modulators of cytotoxic cancer therapies (Teicher et al., 1994; Soriano et al., 1999) . Clinical studies employing COX-2 inhibitors are just now getting underway. The studies will explore the use of COX-2 inhibitors with and without classic cytotoxic agents.
Vaccines against SCLC
An anti-idiotypic antibody against GD3 has been developed. GD3 is a ganglioside which is highly expressed on the cell membrane of cells of neuroendocrine origin, including neuronal derivation, melanoma and SCLC. The anti-idiotypic antibody is more immunogenic than the primary antibody, and has been called Bec2. With the addition of adjuvant BCG this vaccine has been tested in 15 patients with SCLC, in response after chemotherapy or chemotherapy and radiotherapy (Grant et al., 1999) . The major toxicity of this vaccine is related to the presence of BCG, which leads to transient ulceration and sometimes fever. In general, because of the BCG, patients with a history of tuberculosis are excluded. The long-term survival especially of patients with limited disease, prompted the initiation of a large randomized study in which patients with limited disease are given chemo-radiation and then randomized to Bec/BCG vaccination or follow-up. This large randomized study is approaching the targeted accrual of 500 patients. In the small pilot study, seven patients with limited disease had a survival which had not reached the median at a follow-up of 47 months. Apparently the longest survivors were patients who developed anti-GD3 antibodies.
Another vaccine against another cell surface ganglioside has also recently been tested in 10 SCLC patients who had achieved a major response to induction therapy. This Fucosyil-GM1-keyhole limpet hemocyanin conjugate vaccine was proven to be safe and immunogenic, despite the recent chemotherapy and radiation (Dickler et al., 1999) .
Other targets
CI-994 (N-acetyl dinaline) is a novel substituted benzamide derivative with cytotoxic activity in preclinical models (LoRusso et al., 1996) . Although the precise mechanism of action is not completely understood, CI-994 appears to work with increase in acetylation of histones. No specific activity has been observed on DNA, RNA, protein or lipid byosynthesis. It is rapidly absorbed orally, and a phase I study with chronic daily administration identified thrombocytopenia as dose limiting toxicity. Gastrointestinal side effects and fatigue were also observed (Prakash et al., 2001) . Several major responses were reported in phase I studies and phase II studies. A large phase III study is currently running which compares carboplatin-paclitaxel with and without CI-994.
Bexarotene (Targretin TM , Ligand Pharmaceuticalsis) is a retinoid-X-receptor selective retinoid with preclinical antitumor activity in squamous cell cancers. In phase I studies of Bexarotene in patients with solid tumors, prolonged stabilizations were observed in a number of patients with advanced NSCLC, although no objective responses were achieved. The toxicity of this retinoid was mainly represented by hypertriglyceridemia, and reversible liver function disturbances (Rizvi et al., 1999) . One study assessed in a phase I-II the combination of cisplatin-vinorelbine with Bexarotene; cisplatin and vinorelbine were given at 100 mg/m 2 every 6 weeks and alternating doses of 30 and 15 mg/m 2 every 2 weeks, respectively; bexarotene was escalated from 150 to 600 mg/m 2 . In total 43 patients were enrolled and 28 were given bexarotene 400 mg/m 2 in the phase II part of the study . In total eight patients responded (19%), but the response rate was 25% in the phase II study. The toxicities observed were tolerable and expected based on the side effects of this chemotherapy regimen and single agent toxicity of bexarotene. A remarkable 61% 1 year survival was reported, which appears encouraging, considering that 26 out of 28 patients in the phase II part of the study had stage IV disease. However, this is a small phase II study and one has to be cautious in generalizing these results. A phase III study has been planned.
